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ABSTRACT
STUDY OF ACOUSTIC SHADOW MOIRE
FOR IMAGING TECHNIQUE
Mahmoud Yaqoub, MS
Department of Electrical Engineering
Northern Illinois University, 2016
Dr. Ibrahim Abdel-Motaleb, Director
This research is to utilize ultrasound waves and moiré phenomena to establish a new
imaging technology for industrial and medical applications. The theory and mathematical
description is presented in this work. Numerical simulation is performed to prove the concept;
COMSOL simulation which uses finite difference technique is used. The results are compared
with an experimental results done by a researcher from NIU at Santec Systems Inc., Wheeling,
IL.
The diffraction of the ultrasound waves is dependent on the wave length. Because the
sound wave length is large; a diffraction grating of wider pitch is used. As a result of this; using
ultrasound, in shadow moiré imaging, will be limited by the size of pitch of the diffraction
grating. Talbot image of the grating was produced by simulation and found to be in agreement
with experimental results. This is an evidence that ultrasound shadow moiré has the same
characteristics as light shadow moiré.
This work simulates the imaging of an inclined specimen with two different angles, 20
and 25 degrees. The distance between the first 2 moiré fringes is found to be close to 5.5 mm.
This means that the second fringe is a locus of constant out-of-plane elevation of 4.2mm with
respect to the first fringe. This simulation provides an error compared with the experimental and

theoretical results of 17.7%. This difference can be attributed to the fact that the experiments
conditions are not ideal, and the use of paraxial and Fresnel approximation used in the analytical
equations.
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CHAPTER 1: BACKGROUND AND MOTIVATION
1.1 Waves and Sound
Waves can be divided by the means of the medium in which they travel; electromagnetic
waves have no medium to travel, but mechanical waves need a medium for its transmission.
Mechanical waves can also be subdivided into transverse waves such as water waves, and
longitudinal waves such as sound waves. Hence ultrasound waves are longitudinal,
compressional waves that can be periodic or pulsed.
Sound is defined as “a disturbance in pressure that propagates through a compressible
medium. More generally, sound can refer to any type of mechanical wave motion, in a solid or
fluid medium, that propagates via the action of elastic stresses, and that involves local
compression and expansion of the medium” (Morfy, 2000). The propagation of sound in fluids
happens through pressure waves or compressible waves, where in solids it propagates through
small amplitude elastic oscillations of its shape, which can also transmit to surrounding fluids as
ordinary sound waves.
Adult humans can hear sounds at frequencies between about 20 Hz and 20 kHz. The terms
infrasound and ultrasound are used for frequencies below and above this audible range.
Infrasonic lower than 20 Hz, and ultrasonic is higher than 20 kHz, and sometimes much bigger.
Therefore, ultrasonic covers a huge range of frequencies from dogs hearing just above 20 kHz
through a few MHz as used in ultrasound imaging to GHz used in acoustic microscopy
(Anderson 2002).

Since sound and light both travel in waves they have the same physical characteristics;
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they move in a similar way, can be reflected or absorbed by objects. Also both waves exhibit the
Doppler Effect, where frequency increases as they get closer and decrease as they move away.
1.2 The Moiré Effect
The moiré effect formed when repetitive structures such as grids or gratings are
superimposed. As a result, a pattern of alternating dark and bright areas are observed because of
the superposition, which are not similar to the original structures (Amidror, 2000). The Moiré
effect occurs because of the interaction between the overlaid structures. The simplest explanation
is the interference of the waves (see Figure 1.)

Figure 1: Superposition of two layers consisting of parallel lines, where the lines of the
revealing layer are parallel to the lines of the base layer.
The interference pattern produced by the interference of two periodic geometric patterns
of nearly same pitch or period is called moiré fringes. The discussion in this thesis will be limited

to periodic patterns, often referred to as grating. The commonly used grating patterns are lines,
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square mesh or a dot pattern, concentric circles, radial lines, and spiral.
Moiré phenomena is extremely sensitive to the slightest displacements, variation, or
distortions in the overlaid structures. This gives it a vast number of applications in many
different field; the theory of moiré phenomena is an interdisciplinary domain with a vast range of
application. Its various theoretical and practical aspects concern the field of physics, optics,
mechanics, mathematics, image production, color printing, the human visual system, and
numerous other fields (Amidror, 2000).
There are two measuring methods using moiré phenomena. The first method is the inplane moiré method which is used for measuring in-displacement on planner surfaces. Here two
grating is needed; the first one is called specimen grating and it is affixed to the surface of the
object either by cementing or by printing. The second, grating is fixed, through which the
specimen is viewed and it is called reference grating. Moiré fringes are caused either by
mismatch in pitch between reference and specimen grating, or by rotation of specimen grating
with respect to reference grating. Also mismatch and rotation can occur simultaneously.
The second method is the out-of-plane displacement or shadow moiré method; it utilizes
superimposition of reference grating and its own shadow. The fringes are loci of points of
constant out of plane elevation, so they are essentially a contour map of the object being studied
(Cloud, 2006). This work will be limited to the latter method.
Figure 2, shows the shadow moiré imaging method. Dark fringe areas are seen wherever
dark shadows of the grating are aligned with gaps in the master grating—there is no light to get

through the gap. and Light fringes form where light areas of the shadow pattern line up with the
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spaces in the master.

Figure 2: Shadow moiré method, (a) an off-axis top view that shows how light is passed through
a master grating so as to create shadows of the grating lines on the object to be studied. (b) The
resulting moiré fringe pattern from the viewer’s vantage point (Cloud, 2006).
1.3 Shadow Moiré Method
Shadow moiré method is used to measure out-of-plane displacements. Unlike in-of-plane, no
separate grating needed to be affixed to specimen surface. only one reference grating is needed.
The specimen grating is simply substituted by a shadow cast by the master grating on the object
surface. The moiré fringes occurred when interference happen between the shadow of the master
grating and the grating lines of the master (Post, 1995)

The cross sectional view of the usual arrangement for shadow moiré measurement is
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shown in figure (3). Consider a master grating with pitch g touch as a surface at point A. If the
gap W is small, then by illuminating the object and the grating by light source, a well-defined
shadow of the reference grating will cast upon the specimen surface. Then the moiré pattern will
be observed as a result of superimposing of the master grating and the shadow grating. As it can
be seen from figure 3, light that strikes points A, C, and E on the surface of the specimen reflect
at these points and passes through the master grating to the observer. However light that strikes
point B and D are obstructed by the opaque bars of the reference grating. Thus, black fringes are
formed near B and D while bright moiré fringes are formed in the regions near A, C, and E. It
can be seen that both of the positions of the shadow on the specimen and the moiré pattern with
oblique illumination, are depending on W.
The relation between the fringe order and the gap can be shown (Post, 1995)
Ng = W(tan α + tan ψ)

(1.1)

Therefore
W=

Ng
tan α + tan ψ

(1.2)

As it can be noticed, the angles α and ψ change with the coordinate x. Therefore, the
displacement is not explicitly proportional to the fringe orders of the moiré pattern and
consequently the sensitivity of the measurement is not constant for all positions. To avoid this,
the light source and the observer fixed at the same distance, L, from the specimen. If D is the
distance between the light source and the observer, then

tan α + tan ψ =

D
L

(1.3)

*
Figure 3: Principle of shadow moiré (Post, 1995).
Hence
W=

L
gN
D

(1.4)
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Thus W and N are directly proportional to each other.
Assuming the grating is illuminated by perfectly collimated beam, then the contours
interval spacing between moiré fringes C, which is the distance between adjacent contour lines in
the viewing direction, depends on the pitch size and the angle between the projection and
viewing direction (α + ψ), it’s given by (Creath, 1994 & Sharp 2008):
C=

g
tan α + tan ψ

(1.5)

The intensity distribution of shadow moiré fringe, as a function of distance from the grating,
formed by a broad spectrum light source is given by (Han, 2005)
I =

1
+
4

2
2πz(2n − 1)
cos
π (2n − 1)
D

cos

2πz(2n − 1)
g/ tan α

sinc

2z(2n − 1)
D ,
(1.6)

where
D =

2g cos α
(λ + λ )/2

(1.7)

and
D

,

=

2g cos α
(λ −λ )/2

(1.8)

λ and λ are the extreme wavelengths in the spectrum. In the equation, the first cosine term
represents the effect of diffraction, the second term is the rectilinear term, and the third term of

the sinc function shows the effect of the broad spectrum, if the source in monochromatic then
λ −λ , and D

,
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= ∞; the sinc this term will be 1.

Shadow moiré patterns are simulated using Equation 1.7, utilizing Matlab package
(Vemula, 2011). Figure 4 shows the intensity distribution of the shadow moiré fringes formed for
wavelength of 0.15mm and grating pitch of 4mm as a function of distance from the grating.
Figure 4, for instance shows how the intensity of moiré patterns vary as a function of the distance
from the grating.

Figure 4: Intensity distribution of shadow moiré fringes as a function of the distance from the
grating, z, normalized to Dt=55.5mm, for g=4mm, λ=0.15mm by using equation 1.7 (Vemula,
2011).
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1.4 Talbot Image
The contrast of the moiré fringe pattern varies with the distance from the grating, z, (see
figure 5) such that the pattern disappears and reappears cyclically as z increases. This is caused
by the phenomenon known as the Talbot effect, also known as the grating self-imaging effect
(Han, 2005). This happens because of the recombination of the waves after they diffracted in
multiple orders by the real reference grating.

Figure 5: Illustration of the formation of Talbot images at oblique incidence (Han, 2005)
When the grating is illuminated at incident angle α by a monochromatic collimated beam of
wavelength λ, the Talbot distance for oblique illumination is
D =

2g
cos α
λ

(1.9)
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As it can be seen from figure 5, a virtual grating translates in the x direction by
δ = z tanα

(1.10)

These virtual grating images have optimum contrast at preferred planes, which lie at successive
distances
mD
2

(m = 0,1,2,3, … )

from the reference grating. Between these planes the contrast of the virtual grating gradually
diminishes to zero in the middle. So in order to obtain good visibility of shadow moiré fringes,
the specimen must lie near a preferred plane, at integer multiples of half-Talbot distance, from
the reference grating.
The intensity distribution of the Talbot image Ip at a distance z from the grating is given by (Han,
2005)
I =

a a exp i2π(n − m)

x − z tan α
m −n
exp i2π
z
g
D

(1.11)

where, n, and, m, are integers. a , and, a , are expansion coefficients. The first term
refers to rectilinear term, which defines the measurement sensitivity and the second one
refers to the diffraction term which controls the fringe contrast. N and m are diffraction orders
0,1,2,3.

z

According to Fresnel-Kirchhoff approximation, the irradiance pattern along x-axis at
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distance R0 of the diffracted wave, as a result of passing through an aperture, with a
transmittance function t(x ) (Furlan, Saavedra, & Granieri, 2001), where
t(x ) =

1
2πx
1 + cos
2
g

(1.12)

and wave length λ has the intensity profile
I (x, R ) =

1
λR

t(x ) ∗ e

∗e

dx

(1.13)

For a unit amplitude plane wave, Vemula obtained the diffraction pattern for normal incidence at
1, ½ and 1/4 Talbot by plotting equation (1.13) utilizing Matlab. The resulted patterns will be
compared to the simulated pattern later in chapter 3.
It is known that transducer generates a complex beam of sound. Modeling that
complexity is a challenging task. The modeling computational burden can be reduced
considerably by introducing approximations. The paraxial approximation is one of the most
useful of those approximations. It sets the paraxial ray, which formed because of diffraction,
makes a small angle to the optical axis of the system, and lies paralleled closed along it, see
figure 6. By Introducing diffraction correction term, the transducer beam can be modeled as a
plane wave (Blitz, 1995). This approximation gives a perfect sharp images when λ/g→0. Fresnel
approximation requires infinitely N→∞ to give sharp Talbot images (Berry 1996).
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Figure 6: Shows the paraxial ray, r, formed because of diffraction, makes a small angle to the
optical axis (the line connecting from the center of the primed axis to the unprimed axis center)
of the system along the z-axis away from the diffraction grating (at z = 0), and lies paralleled
closed along it
1.5 Applications
Shadow moiré phenomena has many applications in optics (Indebetouw 1992. Geng, 2006 &
Indebetouw 1992). For example, an interesting application of shadow moiré is in contour
mapping of the human body to detect any asymmetries caused by certain infirmities such as
scoliosis (Takasaki. 1982). Shadow moiré can be used in strain measurements and in studies of
buckling phenomena, which can be seen in the shadow moiré photograph. Shadow moiré can
also be used to establish absolute contours of sheet metal stampings or, in quality-control mode,
to compare the contour of a manufactured object with that of a master object (Yoshizawa, 2009).
Shadow moiré has recently been adopted in the electronics industry to measure coplanarity (i.e.,
warpage) of microelectronic devices (Geng, 2006).

1.6 Motivation
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Imaging techniques in all fields have been growing rapidly in the last few decades, this
reflects the tremendous need for imaging whether in medicine, nondestructive testing, state of art
of designing or other. For each technique of imaging, there are limitations that needs more
research. For instance, it is not possible to take a CT scan to diagnose a broken lab of pregnant
woman, therefore a safer technique is needed.
Shadow moiré is a very well established technique in optics. It has been used for decades in
many different fields. Also the theory of ultrasounds; generation, propagation and interacting
with materials has been fully understood.
In this thesis, we are presenting a new technology in imaging which is shadow moiré using
ultrasound. This technology will be cost effective, nondestructive, and safe.
By looking to equation (1.2), one can conclude that the minimum measurable out of plane
elevation, W, must be longer than the wavelength of the used wave λ. Ultrasound waves are
longer than the light wave; so ultrasound moiré imaging will be less effective, than the light
shadow imaging, in measuring a smaller out of plane elevations. Despite of that, ultrasound has
the advantages of propagation; ultrasound propagates through mediums and materials, which are
blocking the light. For example, human tissues, concrete, steel, and many different martials.
These materials can be differentiated, by ultrasound, based on their density and impedance. So
using moiré ultrasound to take images of visually unseen surfaces will have the upper hand
among different imaging techniques.

CHAPTER 2: MATHEMATICAL ANALYSIS
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2.1 Finite Element Method
The behavior of a physical system is usually governed by a set of equations, some of
them partial differential (PDE) and some boundary conditions. It may be very difficult,
especially if the structure is complicated, to analyze such system directly. However, the finite
element method (FEM) can be used to solve physical systems of immense complexity through
approximations of the PDEs and discretization of the system geometry (Liu, 2003).
The processes usually executed by first identifying the governing equations and deriving
the necessary approximations. Then the system is discretized into finite number of elements. In
each element, an approximation of the dependent variable is introduced. Then the integral form
equation is evaluated for each element in order to assemble the solution as a global matrix
equation. The said matrix equation is solved. Finally, from the solution of the matrix, values of
interest can be calculated.
2.2 Meshing, Elements and Nodes
Each domain in a physics model will be divided into elements, and this is called meshing.
These elements are usually polygons with three or four corners, but elements with curved sides
can be used in order to follow curved domain boundaries. There is always a node at each corner
of the element, and often one or more nodes equally spaced along the sides. The simulations in
this thesis is performed using a triangular element with a midside node. Mesh must be fine
enough to simulate the function at the wavelength of the ray. The mesh element size must be at

least 0.2 of the wavelength. As frequency goes up, smaller sizes will be needed. It is critical to
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have a dense enough mesh to insure accuracy.
2.3 COMSOL Multiphysics
COMSOL Multiphysics 5.1, is a simulation program that employs the finite element
method to solve complex physics problems governed by PDEs. Comsol physics interfaces
contains the governing equations from a wide variety of physics problems. However, one can
create a custom physics interface from scratch. A single model can include more than one
physics interfaces. This allows for interactions between different physical behaviors that are
often observed in the real world. Some of these coupled situations also exist as predefined
physics interfaces.
A full description of COMSOL in this thesis would be impractical and highly
unnecessary. However, a short description of the applied features is included, to give an insight
to the modelling procedures. The construction of a model usually starts by selecting the number
of space dimensions in the model, choosing one or more physics interfaces and deciding the
study type. This is done in a built-in wizard at the start of every new model. In this thesis were
the pressure acoustics, and a frequency domain studies where used for all simulations. Then the
model is drawn with the built-in CAD tools. Then Setting which of the domains that are
governed by each of the physics interfaces. A single domain might be governed by several
interfaces in a multiphysics model. Then the correct conditions are applied to the domains and
boundaries in the model. Each physics interface has a series of standard conditions that are
automatically applied to the domains governed by this physics interface, and any manually
applied conditions will replace the standard conditions. Then materials should be assigned to the
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domains in the model. The properties of many materials are included in COMSOL. However, the
properties of the materials can also be supplied. Next, meshing is done and boundary conditions
are set. Finally, COMSOL solves the problem, and the solution can be studied through a
selection of post-processing and/or visualization techniques.
One way to create an acoustic source is to use an acceleration boundary condition, which,
will produce sound through the vibration of the boundary. It can be set to be a small boundary
and set up its normal acceleration to get a desired simple source strength. The magnitude of the
acceleration is the second derivative of the displacement in the frequency domain, which
corresponds to (iω) , where ω is the angular frequency.

To avoid unwanted reflection of the ultrasound waves on the outer boundaries of the
model, the Perfectly Matched Layer PML is used. PML acts as a material where the loss factor
increases as a function of the position. Therefore, the wave will be damped at an exponential rate
while not causing any reflection at the boundaries of the PML.
Solving PDE numerically involves independent variable such as space and time, and
dependent variables of unknown fields, such as velocity field u. Pressure acoustic problems
involve solving for the small acoustic pressure variations p on top of the stationary background
pressure p0. Pressure acoustic problems can be solved mathematically by linearization method,
which is expanding dependent variables around the stationary quiescent values by a small value.
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2.4 Governing Equations

In principle, momentum conservation and mass conservation, which are given by Euler’s
equation and continuity equation respectively, governs a compressible lossless fluid flow
problem (Pierce, 1991). These two equations are given as:
∂u
1
+ (u. ∇)u = − ∇p
∂t
ρ

(2.1)

∂ρ
+ ∇. (ρu) = 0
∂t

(2.2)

respectively, where ρ is the total density of the fluid, p is the total pressure, and u is the velocity
field.
For stationary fluid, with density ρ , pressure p and u0 = 0, the small parameter expansion is
performed as:
p = p + p,

(2.3)

ρ = ρ + ρ,
u = 0 + u,

With p ≪ p and ρ ≪ ρ . The primed variables represent the small acoustic variations. By
substituting these into the equations (2.1) and (2.2) and only keeping linear terms in the primed
variable yields
∂u
1
= − ∇p
∂t
ρ

(2.4)

∂ρ
+ ρ (∇. u ) = 0
∂t
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(2.5)

Since the density ρ is a dependent variable, it can be expanded as Tylor series (linearized) as:
ρ =

∂ρ
∂p

p =

1
p
c

(2.6)

Where c is the isentropic speed of sound. This is because in classical pressure acoustics, all
thermodynamic processes are assumed to be reversible and adiabatic, that is, isentropic
processes. The condition
|p′| ≪ ρ c
must be implied here. The subscripts s and 0 is dropped from now on. Finally, the equation of
momentum divergence is inserted into the continuity equation, in order to get the wave equation
for sound waves in lossless medium after dropping the primes, which is
1 ∂ p
1
+ ∇. − (∇p − q ) = Q
ρc ∂t
ρ

(2.7)

Two optional source terms were introduced here; the dipole source q and monopole

source Q . The expression ρc represents the adiabatic bulk modulus, usually denoted as K. The
bulk modulus is equal to the one over the adiabatic compressibility coefficient β = 1/K. The
speed of sound. In this formulation of the wave equation the speed of sound and density may in
general be space dependent but only slowly varying in time, that is, at a time scale much slower
than the variations in the acoustic signal.
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In the case of the time harmonic wave, the pressure varies with time can be expressed as
p(x, t) = Re{p(x)e

}

(2.8)

Where ω = 2πf is the angular frequency, and f is the frequency of the sound wave. By subsisting
this into the wave equation for acoustic waves, inhomogeneous Helmholtz equation is resulted:
1
ω p
∇. − (∇p − q ) −
=Q
ρ
ρc

(2.9)

Inhomogeneous Helmholtz equation can be rewritten by introducing the wave number k eq
which contains both the ordinary wave number k = 2 π/λ as well as out of plane and
circumferential contributions when applicable. The equation becomes
k p
1
∇. − (∇p − q ) −
=Q
ρ
ρ

(2.10)

Here the total pressure pt is the sum of a possible background pressure fields and scattered field.
To simplify the solution of the PDE, the monopole Q
this simulation.

and dipole q sources are not included in

CHAPTER 3: RESULTS AND DISCUSSIONS
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3.1 Talbot Image Simulation
The first part of the simulation was about investigating the formation of Talbot image by
using ultrasound waves. The model uses Pressure Acoustics, Frequency Domain interface in
COMSOL to model the stationary acoustic field in the water to obtain the acoustic intensity
distribution. Equation (2.10) assumes that the assumption that the acoustic wave propagation is
linear, and that the amplitude of shear waves in the propagation domain is much smaller than that
of the pressure waves. Nonlinear effects and shear waves are, therefore, neglected. Given the
acoustic pressure field, the acoustic intensity field is readily derived.
A diffraction grating of pitch size of 4.7 mm was placed between the source and the
detector as shown in figure 7. The whole setup was immersed in water.

Figure 7: Illustration of diffraction by 1D object under plane wave illumination (Vemula, 2011).
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The frequency of the ultrasound is assumed to be 3.5 MHz and the sound wave propagate
inside the water was set to 1483 m/s, this means the wavelength is then 0.4 mm. Since the source
here is not oblique. Then, according to equation (1.9), the Talbot distance equals to 102.5 mm.
Table 1 summarizes the used parameters.
Table 1: Parameters used to simulate Talbot image

Parameter (unit)

Value

Source frequency f0 (MHz)

3.5

speed of wave (m/s)

1483

Wavelength λ (mm)

0.42

Pitch size of diffraction grating g (mm)

4.7

Height of water container (mm)

72

Width of water container (mm)

120

Talbot distance Dt (mm)

102.5

Figure 8 shows the simulation pattern for the above setting. It is a cross section view of the
setup; every maxima (red color) represent a contour. As It can be seen from the pattern, Talbot

images are formed at 1D , ½D , ¼ D and ¾ D , this results correlates to the theory of Talbot.
Figure 8 also shows how the acoustic field is damped by about 2 × 10 11 Pa. in the PML
surrounding the water tank.

22

`
Figure 8: Diffraction pattern showing the Talbot images of the grating with 102.5 mm Talbot
distance.

In figure 8 it can be seen that at ½D the secondary Talbot image shifted, parallel to the
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grating, from the primary image by half a period, it’s called complementary image of the primary
Talbot image at D . Also it can be seen at ¼ D the double-frequency-fractional image.

The sound pressures along the x axis in figure 8 at D is plotted in figure 9. Although
there are no sharp well defined peak (maxima), one can visually depicts that there is a general
profile of (carrier) lines peaks. Every maximum represent moiré fringe. These peaks, roughly
speaking, are separated by 4-5 mm. the lack in sharpness can be attributed to the paraxial and
Fresnel approximation, as it was explained in section 1.4 since λ/g is not very small and N is not
very large.

Figure 9: Simulated sound pressure plot along the x axis at D and g = 4.7mm.
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In order to reflect the simulation results on the experimental and theoretical results; work
produced by Vemula, are presented here. In figure 10, the experimental pattern produced at one
Talbot distance using setup in figure 7 is shown in figure 10. The axis from point A to point B
represents the x axis. The dark fringes represent the maxima where in figure 8 is resembling the

lateral cross view of it. Figure 11 shows the simulation results of the intensity profile along the x
axis of figure 8, at D . Each peak represents a Talbot fringe. Again, the lack of sharpness is
attributed to the diffraction because paraxial and Fresnel approximation and noise.

Figure 10: Diffraction pattern at

with g=4mm and λ=0.43mm (Vemula, 2011).

As can be seen from figure 11, the distance between the fringes is very close to the pitch
size of the grating (g = 4.7 mm). Also the number of fringes is equal to the number of the slits in
the grating, which is 13 as it shown in figure 8. This result insure that the produced pattern is an
image of the grating. Vemula (Vemula, 2011) utilized matlab to plot the intensity profile of the
pattern in figure 10. The result is shown in figure 12. He also obtained the intensity profile
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theoretically by using Fresnel-Kirchhoff diffraction theory explained in section 1.4, the result is
shown in figure 13.

Figure 11: Simulated ultrasound intensity along the x axis at

and g = 4.7mm (this work).
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Figure 12: Experimental measurement of the intensity distribution along the line from point A to
B as shown in Figure 9 (Vemula, 2011).
The lack of correlation between the experimental and theoretical results has been

explained by Vemula as the inapplicability of Fresnel-Kirchhoff diffraction theory, since λ is not
very small compare to g.
On the other, side by comparing the simulation results to the theoretical, one can notice
that there is a better correlation between them. Exact matching is not expecting here, since some
of the parameters are slightly different such as g and λ. However, the simulation was in
agreement with the theory since it is able to indicate the position of the fringes as the theory.
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Figure 13: Theoretical diffraction pattern at D with g=4mm and λ=0.43mm for normal
incidence (Vemula, 2011).
The intensity distribution also measured, at half Talbot distance from the grating, by
Vemula and is shown in figure 14. He also obtained the density distribution from point A to
point B utilizing matlab; see figure 16. The simulation results of the intensity distribution along
the x axis at half Talbot distance is shown in figure 15.

Figure 14: Diffraction pattern at ½

with g=4mm and λ=0.43mm (Vemula, 2011).
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By comparing figures 10 and 14 visually, it can be noticed that the intensity at half Talbot

is higher than it at D . This result can be also noticed in the simulation in this work and

theoretical results in figures 15 and 17 respectively. This can be attributed to the exponential
attenuation of the ultrasound waves. By comparing figure 10 to 14, and figure 12 to 16, it can be
notice that the self-image of the grating is more evident at ½ Dt than 1Dt. This is because, for
half Talbot distance, the grating is not too close to the source then the paraxial approximation is
valid for the acoustic source (Vemula, 2011).

Figure 15: Simulated ultrasound intensity along the x axis at 1/2

and g = 4.7 mm.

Figure 15 shows the intensity of the ultrasound waves along the x axis. As it can be
noticed, simulation produced more noise. This noise comes from the diffracted waves close to
the grating. Figure 16 shows the intensity profile from point A to point B in figure 14 utilizing
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matlab. There is a correlation between the results of theory in figure 17, experiment in figure 16,

and simulation in figure 15. The simulation pattern shows that the distance between the fringes is
the same as g = 4.7 mm (see figure 15). Then the resulted pattern is considered as an image of
the grating at 1/2Dt. So both the simulation and experiment are correlated since they are able to
produce the Talbot image at 1/2Dt.

Figure 16: Experimental measurement of the intensity distribution along the line from point A to
B as shown in Figure 14 (Vemula, 2011).
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Figure 17: Theoretical diffraction pattern at 1/2D with g=4mm and λ=0.43mm for normal
incidence (Vemula, 2011).
Figures 18-21 and figure 22-25 show the results at ¼ D and ¾ D respectively. Same
former comparisons are applied on them too. The simulation results show a trend that the closer
pattern to the grating, the higher noise produced.

Figure 18: Diffraction pattern at 1/4 Talbot distance with g=4mm and λ=0.43mm for normal
incidence (Vemula, 2011).
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Figure 19: Simulated ultrasound intensity along the x axis at 1/4

.

Figure 20: Experimental measurement of the intensity distribution along the line from point A to
point B shown in Figure 18 (Vemula, 2011).
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Figure 21: Theoretical diffraction pattern at 1/4 Talbot distance with g=4mm and λ=0.43mm for
normal incidence (Vemula, 2011).

Figure 22: Diffraction pattern at 3/4 Talbot distance with g=4mm and λ=0.43mm for normal
incidence (Vemula, 2011).
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Figure 23: Simulated ultrasound intensity along the x axis at 3/4

.

Figure 24: Experimental measurement of the intensity distribution along the line from point A to
point B shown in Figure 21 (Vemula, 2011).
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Figure 25: Theoretical diffraction pattern at 3/4 Talbot distance with g=4mm and λ=0.43mm for
normal incidence (Vemula, 2011).

3.2 Shadow Moiré Technique
Figure 26 shows the setup simulation of shadow moiré. It is the same setup used by
Vemula in his experiment (Vemula, 2011). In this setup, the specimen, the acoustic transducer,
the diffraction grating and the detector are immersed in water. The transducer is flat with a
dimension of 30 mm. The ultrasound frequency is 3.5 MHz leading to a wavelength of 0.42 mm.
The pitch size of the grating chosen to be 4.2 mm. The incident angle α is 25 0. So according to
equation (1.8), Talbot distance Dt is equal to 62.5 mm. Table 2 summaries the simulation
parameters.
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Figure 26: Setup to investigate formation of shadow moiré fringes with an object placed at an
angle θ (Vemula, 2011).

The model uses the Pressure Acoustics, Frequency Domain interface in COMSOL to
model the stationary acoustic field in the water to obtain the acoustic intensity distribution.
In figure 27, the meshing size was chosen to be fifth of the wavelength everywhere.
Inside the polygon, the mesh is 1/7 of the wavelength, where finer mesh needed to resolve high
gradient in the pressure field.
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Table 2: Parameters used to simulate Talbot image

Parameter (unit)

Value

Source frequency f0 (MHz)

3.5

speed of wave (m/s)

1483

Wavelength λ (mm)

0.42

Pitch size of diffraction grating g (mm)

4.23

Height of water container (mm)

68

Width of water container (mm)

100

Incident angle α

25

Talbot distance Dt (mm)

62.5

Source size (mm)

40

The inclined object is considered as an internal hard edge. In reality, it can represent a
bone surface, surface of microchip, or a surface of metal plate... etc. The propagation medium is
water to mimic the human body phantom. The detector is placed at D from the grating.
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Figure 27: The simulated acoustic pressure field, where the angle between the object and the
grating θ = 20°.
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Figure 27 shows that the specimen is reflects the ultrasound waves toward the grating to
form images (fringes) at the other side of the grating. Figures 28 shows the pressure amplitude
profile on the x axis at 1D .

Figure 28: Acoustic pressure amplitude profile along the x-axis with an object placed at an angle
of θ=20° at 1 .

Figure 28 shows the pressure amplitude pattern, no information can be extract from it. It
just shows the pressure fluctuation around the stationary pressure p 0 = 0.
In figure 26, if the distance between the grating and the object is small, then the incident
angle α and reflection angle ψ can be considered 25o, and most likely. According to equation 1.2,
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tan 25 o + tan 25 o = 0.93, the distance between the first and the second fringe is 4.54 mm, which
is the contour interval.

Figure 29: Simulated Intensity profile along the x axis with an object placed at an angle of θ=20°
at 1
.

Figures 29 shows the simulated intensity of moiré fringes pattern at 1D . It can be
noticed that the separation between the first two peaks is approximately 5.5 mm. so the contour
interval is 5.5 mm for the first two fringes. This means that second fringe is a locus of constant
out-of-plane elevation of 5.50 mm with respect to the first fringe.
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From figure 29, the calculation result is 4.54 mm, compared to a simulation result of 5.50
mm, which is 17% difference. This arise from the assumption that the beam is perfectly
collimated and the fact that the fringes are not sharp enough.
Figure 29 shows that the separation between the peaks decreases, as we move to the right
hand side. This can be explained based on equation 1.4; the separation depends on the values of
α and ψ in Equation 1.2. The angles increase as we move from left to right, so the contour

interval decreases as the distance from the grating increases, since tan α + tan ψ increases.
For comparison, the experimental work done by Vemula (Vemula 2011) will be
presented besides the theoretical one. Experimentally, Vemula obtained the moiré fringes pattern

at D shown in figure 30. Due to diffraction effects, and due to the limited detection power of the
detector of reflected waves at further points from the grating, the contrast of the fringes is low
(Vemula, 2011).

Figure 30: Moiré fringes formed for an object placed at an inclination of θ= 20° with the grating
(g = 4 mm), shown in Figure 26 (Vemula, 2011).
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Figure 31: Intensity distribution from point A to point B shown in Figure 29, size of each pixel is
0.2032 mm (Vemula, 2011).

Figure 31 shows the intensity profile from point A to point B indicated in figure 30 to get
the fringes pattern shown in figure 31. The shown values are normalized to the pixel size. By
multiplying, the distance between the first two peaks on the x-axis by the pixel size, which is
0.2032 mm, the distance between the first and the second fringes found to be 4.67 mm.
The theoretical simulation done by Vemula using equation (1.10) is shown in figure 32.
He found the separation distance between the first two fringes 4.4 mm. The figure shows also
contour interval, which is the distance between fringes, decreases as the distance from the grating
increases.
Some parameters in the simulation work are different than them in the experimental and
theoretical work, λ and g for instance are 0.42 mm and 4.23 mm respectively, however in the
experimental work and theoretical calculation, λ and g are 0.43 mm and 4.00 mm, respectively.
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Figure 32: Theoretical intensity distribution of shadow moiré fringes with g=4mm,
λ=0.43mm and α=20°.
The mismatch with the experimental and theoretical results is small. The difference can
be attributed to the approximation used in the analytical equations and less than ideal conditions
used to conduct the experiment. However, our simulation is more accurate, since the numerical
method used is considered very accurate.
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Figure 33 : The simulated acoustic pressure field, where the angle between the object and the
grating θ = 25°.
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Figure 34: Moiré fringes formed for an object placed at an inclination of θ=25° with the grating,
g=4mm, λ=0.43mm and α=25°, as shown in Figure 26 (Vemula, 2011).

Figure 35: Acoustic pressure amplitude profile along the x axis with an object placed at an angle
of θ=25° at 1
.
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Figure 36: Simulated intensity profile along the x axis with an object placed at an angle of θ=25°
at 1
.

Figure 37: Intensity distribution along line from point A to point B shown in Figure 34. size of
each pixel is 0.2032mm (Vemula, 2011).
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Same argument, for an object placed at 200 with respect to the grating, is presented for the
simulation of shadow moiré fringes for an object placed at an angle θ=25° with respect to the
grating, as shown in Figure 33. The experimental pattern is shown in figure 34. To compare the
intensity distribution, figure 36 shows the intensity profile along the x-axis from simulation, and
figure 27 shows the experimental intensity profile. The contour interval between the first two
fringes is found to be 5.70 mm. this result is expected to be higher than the contour interval when
θ=20° since the W is bigger.
In real life application, the setup in figure 38 is used (Sharp 2008). The lens in its rule can
determine exactly the elevation point on the specimen surface, and the related angles α and ψ, or
the distances D and L. So W can be calculated according to equation (1.3).

Figure 38: Practical setup for shadow moiré where collimating lenses are used to determine the
needed parameters to find W (sharp, 2008).
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CHAPTER 4: CONCLUSION AND RECOMMENDATIONS
Talbot image of the diffraction grating was investigated by simulation for ultrasound. Our
simulation coincides with the analytical equation and the experimental results. The maximum
deviation is % 17.7. Several factors lead to this difference, the approximation used such as
paraxial and Fresnel in the simulation. Fresnel condition was not met too where λ/g is not very
small. Therefore, our simulation seems to provide accurate results.
Based on this argument, it can be concluded that there is an indication that there is a
possibility to utilize the ultrasound waves and Moiré phenomena in order to come up with new
technology of ultrasound shadow moiré imaging.
Although a powerful software tools were available for this work, but the limit capabilities
of the hardware package decreased the limits of this work. This work could be expanded and
more scenarios could be explored such as performing the diffraction in three dimensions, instead
of two dimensions. the dimensions of the geometry can be enlarged to make the setup closer to
real life practice. Having more powerful hardware tool will enhance different solution sets of the
simulations, where another factors can be studied, such as using more realistic materials and
mediums, and studying the changes in their physical properties and their impact. Also by
decreasing the meshing size, higher resolution and more accurate results can be achieved.
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